Abstract. NO could be reduced by CH 4 , CO and H 2 in the reburning process. In this paper, the reduction of NO by CH 4 , CO and H 2 was investigated when assisted by iron wire and its oxides. In a temperature range of 600-800℃, it was observed that iron had little catalytic effect for the reduction of NO x by CH 4 and H 2 , but CO presented better reduction performance by the catalytic assistance of iron. In the absence of O 2 , iron shows a weak catalytic effect for the reduction of NO x by CO at 600-700℃ and a strong catalytic effect at 800℃. O 2 gave a great inhibition for NO x reduction by CO over iron. The following catalytic activity order of iron and its oxides was observed: Fe x O y <Fe<Fe (after oxidation/reduction pretreatment).
Introduction
As one of the main air pollutants, emissions of nitrogen oxides (NO x ) are of great concern in recent years. In a variety of NO x control technologies, low NO x combustion technology is the most widely used, due to its relatively simple configuration and low cost of operation. Reburning technology is one of the most often used low NO x combustion technologies nowadays. The combustion process of reburning technology is divided into main combustion zone, reburning zone and burning-out zone. The NO x generated in the main combustion zone are reduced by hydrocarbon (CH i ) and some incomplete combustion products such as CO, H 2 and C n H m [1] . Yong-tao et al. [2] studied the NO x reducing performance using syngas as reburning fuels. The reburning ratio was 20%, the residence time is 0.8s, and the excess air coefficient was 0.3-0.8. The NO x reduction efficiency of the syngas was 35% at 1273K and 50% at 1573K. Zhi-qiang et al. [3] studied NO x reduction by pyrolysis gas reburning. The residence time is 0.6 s and the excess air coefficient is 0.7. The NO x reduction efficiency was 10.5% at 1473K and 42.3% at 1773K. Rutar et al. [4] investigated the characteristics of N 2 O reduction by five different gases at 1080-1370K and 3.3%-4.8% of O 2 , and they made a conclusion that the activity order was H 2 >CH 4 >C 2 H 4 , C 2 H 6 >CO. Dagaut et al. [5] investigated the characteristic of NO reduction by three gas mixtures (CO/H 2 , CH 4 /C 2 H 4 /C 2 H 2 , CO/H 2 /CH 4 /C 2 H 2 ) at 1100-1400K and with the excess air coefficient of 0.4-2. The results showed that the NO reduction efficiency changes obviously with temperature and, the optimal conversion was observed under a slightly fuel-rich condition. Alzueta et al. [6] investigated the performance of NO x reduction with H 2 and CO by reburning. The results showed that the NO reduction efficiencies increased with the increasing of temperature and reburning ratio. The NO reduction efficiency could reach as high as 20%-30% at 1200K-1800K. Above all, a high reaction temperature is required when reburning technology is used for NO x reduction, and the NO x reduction efficiency is still relatively low.
In recent years, some scholars found that iron and it oxides presented a catalytic effect on NO x reduction. Iron has widely available and very cheap. Thus it is expected to be a good candidate for the improvement of reburning technology. Fennell et al. [7] studied the kinetics of the catalytic reduction of NO x by Fe. The results showed that at 500-900℃ NO could be reduced to N 2 by Fe, and the main reaction is: 3NO+2Fe→Fe 2 O 3 +3/2N 2 . Gardon et al. [8] found that Fe is capable of catalyzing the NO reduction at 750-1200℃ and the efficiencies depended on temperature and O 2 concentration. Ya-xing et al. [9, 10] used iron wire mesh as catalysts to reduce NO by CO in the a temperature range of 300-1100℃. At a temperature of 950℃ and CO concentration of 4.01%, NO reduction efficiency is more than 90%. Fe and CO are oxidized to their oxides when O 2 exists, and the reduction efficiencies of NO are inhibited. However, Fang et al. [11] suggested that γ-Fe 2 O 3 plays a critical role in the process of NO reduction by iron and its oxides. Reddy et al. [12] pointed out that the O-Fe of Fe 2 O 3 bond is weakened by the adsorbed CO, which produce a relaxed O active site, which allows then CO to be oxidized by the O active site. Iron oxides are reduced to metallic iron, then the reduced iron is oxidized again by NO, which ensure a sustainable reaction.
In conclusion, Fe is capable of catalyzing NO reduction in appropriate conditions. But the available studies focused on NO reduction by CO or char with Fe and its oxides, and few scholars studied NO reduction by CH 4 , CO and H 2 assisted by various iron oxides. In this paper we proposed an improved reburning technology to enhance the NO x reduction efficiencies. The proposed technology involves: setting iron wires as catalysts in the reburning zone, and expecting to enhance the reactions between reburning gases and NO x . To validate the technology, we systematically studied the NO x reduction by CH 4 , CO and H 2 with Fe. A series of experiments were conducted to investigate the influence of reaction temperatures, gas concentrations, O 2 concentrations and different iron species.
Experiment
The experiment system consists of three parts: a gas distribution system, a reaction system and a gas analysis system. Figure 1 shows the schematics of the experimental setup. The model flue gas used in the experiment was a mixture prepared from several gas cylinders: 2% NO balanced with N 2 , pure CO 2 , pure O 2 and pure N 2 from Deyang Gas Inc. The reducing gases used in the experiment were CH 4 , CO and H 2 , with the gas cylinders containing pure CO, 2% CH 4 balanced with N 2 and 2% H 2 balanced with N 2 supplied by Deyang. Mass flow meters were used to preciously control the gas flow rates. A total volumetric flow rate of 1L/min was used for all the tested runs.
The reaction took place in a quartz tubular reactor with an internal diameter of 15mm and a length of 800mm. Temperature in the reactor was maintained by the vertical furnace SK2-5-12, which has a maximum temperature of 1500℃, a heat length of 300mm and a constant temperature length of 150mm. The residence time of model gas in the set temperature range was 4.7s. FTIR (Dx4000) was used to analyze the gas composition. N 2 was used to purge the system to removal residual gas in the pipelines before each experiment. When iron was applied as catalyst, 20g iron wire, with a diameter of 1mm, was curled and loaded into the tubule reactor.
Results and Discussion

Effect of Temperature
Experiments were conducted in two conditions: without Fe and with Fe. Figure 2a. presented NO conversion as a function of temperature in the absence of Fe when different reducing agents (CH 4 , CO, H 2 ) at concentrations of 5000 ppm were used. The NO reduction at lower temperatures was relatively poor. The NO conversions were less than 20% at 1000℃ for all the tested reducing gases. It is almost zero when CO was used as the reducing gas. NO conversion efficiency increased quickly with the increase in temperature. NO conversions were almost 100% at 1400℃ for all the tested reducing agent. Among these reducing gases, CH 4 showed the highest ability to reduce NO. Over 90% NO conversion was achieved at 1200℃. Then iron wire was loaded to the reactor and the experimental results were presented in Figure 2b . When CO was used as reducing agent, the performance of NO conversion with Fe is quite different compared to the performance without Fe. NO could be reduced at a temperature as low as 600℃. Over 15% NO conversion was observed at 600℃ with iron wire assisted, while a similar NO conversion was reached at as high as 1000℃ without iron loading. NO conversion then increased sharply as the temperature increased. A 100% NO conversion was reached at 800℃, which was 600℃ lower than the test without Fe (about 95% NO conversion was reached at 1400℃). Therefore, simply loading of iron wire could dramatically enhance NO reduction performance and decrease the reaction temperature. However, when CH 4 and H 2 were used as the reducing agent, very little NO conversion could detected in 600-800℃ range. Fe is not an active catalyst for NO reduction by CH 4 and H 2 . 
Effect of O 2 Concentration
The effect of O 2 concentration in the flue gas on NO reduction by CO assisted by Fe was investigated and the results are shown in Figure 3 . The NO conversion efficiency declined with the increasing of O 2 concentration. At 700℃ the NO conversion decreased from more than 45% to about zero when the O 2 concentration increased from 0 to a merely 2000ppm. At 800℃, NO conversion decreased from 100% to less than 50% as O 2 increased from 0 to 4000 ppm. The reason is that CO is preferentially oxidized by oxygen, instead of NO. Thus most of the reducing agent CO was consumed by the existing O 2 , and was not effectively used for NO reduction. So NO conversions at higher oxygen concentrations were very low. This is also why the reburning process is efficient only when oxygen is around or lower than combustion stoichiometrics. When applying the reburning technology assisted by Fe, it is very important to set the iron wire in a reducing environment. Figure 4 showed the influence of the concentration of the reducing gas on the NO conversion efficiency without Fe. For all the investigated reducing agents, i.e., CO, CH 4 and H 2 , the NO conversion efficiencies increased with the increase in reducing gas concentrations. The NO conversion efficiency could reach 100% when the concentrations of the reducing gases are 8000ppm for CH 4 and H 2 and 10000ppm for CO. Therefore, it is very important to provide excess reducing agent in the reburning zone.
Effect of Concentrations of Reducing Gas (NO reduction without Fe)
Effect of Concentrations of Reducing Gas (NO reduction assisted by Fe)
The effects of CO concentrations on NO reduction assisted by Fe were investigated and the results are shown in Figure 5 . Without CO feeding, the NO conversion efficiency is zero at 600-700℃, indicating that NO could not be reduced directly by Fe. Then the NO conversion efficiency increase with the increase of CO concentrations. The profiles first rose quickly and then slowed down at above a CO concentration of 5000ppm.
18% and 50% NO conversion could be achieved at 600 and 700℃, respectively. But at 800℃, NO reduction is very efficient and the NO conversion is 100% with CO concentrations varying from 0ppm to 10000 ppm. It should be noted that at this temperature, NO could reduce directly by Fe without CO feeding. But the conversion will slowly decrease to zero after iron wire is totally oxidized. When exposed to flue gas, it is inevitable that iron wire will be oxidized into Fe x O y . The catalytic effect could vary significantly for the Fe at different oxidation states. In order to investigate the catalytic activity of oxidized iron, 2000ppm O 2 was introduced into the reactor at 600℃ for half an hour, oxidizing the surface of the iron wire. Then a series of experiments were conducted at various CO concentrations, and the results are shown in Figure 6 . NO conversions are very low at 600 and 700℃ and only less than 10% could be achieved at CO concentration of 10000 ppm. At 800℃, NO conversion efficiency is 19% without CO addition, implying that iron wire was not totally oxidized. Then the NO conversion increased with increasing CO concentration and a 100% conversion could be reached at CO concentration of 10000 ppm. By comparing Figures 5 and 6 , it could be concluded that the catalytic effect of metallic iron is superior to that of iron oxides. Therefore, it is very important to keep the reducing atmosphere in the reburning zone and to avoid the oxidation of added iron wire.
Effect of Concentrations of Reducing Gas (NO reduction assisted by pretreated Fe)
As the atmosphere in the furnace varies from time to time, the added iron wire could be oxidized and be reduced. In order to investigate the effect of the catalytic activity of Fe frequently being oxidized and reduced, iron wire was pretreated and then tested for its catalytic activity of NO reduction. The tested iron wire was first oxidized by O 2 at concentrations of 2000 ppm for half an hour and then reduced by CO at concentrations of 5000 ppm for half an hour. The results of NO conversion are shown in Figure 7 . Similarly to the results in Figure 5 , the NO conversions increase with the increase in of CO concentrations at 600-700℃. But the values of NO conversion are much larger than the results in Figure 5 . The NO conversion efficiency is 82% at 600℃ and 100% at 700℃ with a CO concentration of 8000 ppm. Comparing with the NO conversion assisted by metallic iron results shown in Figure 5 , the efficiencies are 61% and 43% higher when iron wire was pretreated. NO conversion at 800℃ is also 100%. This may be explained by the fact that the internal structure of the iron wire becomes loose and porous after Fe has being oxidized and reduced, which could help to increase the surface area of iron wire. 
Conclusions
Iron and its oxides can effectively catalyze NO reduction by CO, but the catalytic activity is not satisfactory for NO reduction by CH 4 and H 2 . Excellent NO conversions could be obtained at a temperature of 800℃. The NO conversion efficiencies increase with increasing CO concentrations. The catalytic effect of iron is inhibited by the existence of O 2 . The catalytic activity order of iron and its oxides is: Fe x O y <Fe<Fe (after pretreatment of oxidation and reduction), implying that repeatedly used iron wire have a better catalytic performance. Therefore, setting iron wire in the reburning zone could significantly increase the NO reduction performance and lower the reaction temperature to as low as 800℃. Fe assisted NO reduction by CO is a cheap and effective reburning technology for NO x reduction.
